Additional scalar fields from scalar-tensor, modified gravity or higher dimensional theories beyond general relativity may account for dark energy and the accelerating expansion of the Universe.
I. INTRODUCTION
General relativity (GR) is a tremendously successful theory and has made many accurate physical predictions. Nevertheless, often motivated by attempts to unify gravity with other forces of Nature (e.g. Kaluza-Klein theory [1, 2]), modifications to Einstein's theory of gravity have been proposed and investigated since its formulation. Amongst these modified theories of gravity, scalar-tensor theories (e.g. Brans-Dicke theory [3] ) are some of the most studied. This is partly due to the fact that coupling an additional scalar field to the metric tensor is one of the simplest ways to extend general relativity. Modified theories of gravity like f (R)-gravity (see [4] for a review) can additionally be shown to be equivalent to scalartensor theories, and higher dimensional theories (e.g. string theory) predict the existence of effective scalar field modes in 4-dimensional spacetime due to compactifications of the extra dimensions (see e.g. [5] ).
Modifications of gravity gained even greater attention after the accelerated expansion of the Universe was discovered [6, 7] and the puzzle of dark energy -the energy that supposedly drives this expansion -arose. Consequently, there have been several proposed explanations for the nature of dark energy based on scalar-tensor theories (see e.g. [8, 9] for an overview of models). Some of these models have already been ruled out by observations but others are still viable theories (see e.g. [10] for an overview of allowed and excluded models).
The theories that are still candidates for explaining dark energy (and potentially other phenomena like dark matter -see e.g. [11, 12] for recent ideas) must be studied further and tested experimentally (e.g. as was done in 2017 with the observation of gravitational waves from a binary neutron star merger [13, 14] ). In particular, understanding the properties of the involved scalar fields is of utmost importance and finding hints of their existence would be a scientific breakthrough.
Many scalar-tensor theories assume the coupling between the metric tensor and these scalar fields to be via a conformal factor, as will be elaborated on in Section II A. Cold atom systems (e.g. atom interferometers [15, 16] ) are great tools for studying scalar fields with this particular type of coupling in experiments and analogue gravity simulations. As we will show in this article, Bose-Einstein condensates (BECs) are an excellent means to simulate spacetimes with a conformally coupling scalar field. In particular, such analogue simulations will be very useful for better understanding the behaviour of matter under the influence of scalar fields with non-linear behavior since their non-linearities can make computer simulations challenging.
A good analogy can be an invaluable tool in studying a complex or inaccessible system.
From the first theoretical proposal to model a "sonic horizon" with fluid flow in 1981 [17] to experiments ranging from water waves [18] [19] [20] to BECs [21] [22] [23] , nonlinear optical media [24, 25] and more, analogue gravity has become a widely varied approach to probing aspects of the physics of curved spacetime. BECs in particular have generated a rich catalogue of analogue models, as they are both relatively simple and manifestly quantum systems. This allows for the study of how non-classical properties, such as entanglement, are modified or generated by simulated gravitational fields. In a manifestly quantum system, we also have access to the powerful tools of quantum metrology.
Excerpts from this catalogue of analogue models include conformal Schwarzschild black holes [26, 27] , rotating black holes [28] , Bañados-Teitelboim-Zanelli (BTZ) black holes [29] , Friedmann-Robertson-Walker geometries [30, 31] , inflation [32, 33] and extensions to general relativity such as aether fields [26] . Three of us have extended this catalogue to include gravitational waves [34, 35] . As an example, there has recently been an experimental implementation of a waterfall horizon leading to observation of density correlations across the horizon [36, 37] , and controversy over their interpretation as entangled acoustic Hawking radiation [38] .
In our particular case, simulating conformally coupled screened scalar field models in a covariant formalism will inform potential future work on the effect of screened scalar fields on particle creation, decoherence or other interesting quantum effects, as well as allowing us to test the metrological scheme of an upcoming proposal for a detector [39] constraining these models. The approach we take towards modelling our BEC and its phonons comes from quantum field theory in curved spacetime. It is manifestly covariant and thus allows us to introduce the background spacetime in a clear and natural way.
While much can be learned from the study of analogue systems, it should be stressed that analogue is of course not identity. Thus, no analogue can be used to falsify a theory or truly discover new effects and features. If some new or unexpected result presents itself in an analogue model, great care must be taken to distinguish real physical features of the system being modelled from artefacts of the analogue system. What analogue systems can teach us is how and where to look for features and effects of a theory or real system, as well as performing important self-consistency checks and demonstrating effects that are not reliant on precise and complete accuracy of the analogy. Testing the metrological scheme of a detector as mentioned above is an example of one such effect.
In Section II A, we introduce conformally coupled screened scalar field models. In Section II B, we introduce the "acoustic metric," a description of the evolution of phonons on a BEC as a scalar field on some curved background which depends both on the real background spacetime as well as the mean-field properties of the BEC. In Section III, we derive both the direct simulation of a conformally coupled screened scalar field model metric, as well as the simulation of the effect of such a metric on phonons on the BEC. For clarity, the first of these simulations (direct simulation) is a manipulation of the experimental parameters of the BEC to produce a situation in which the phonons on the BEC act as if they were a massless non-interacting boson field in a spacetime goverened by the conformal metric introduced in Section II A. The second of these simulations (effect simulation) involves deriving and then artificially reproducing the effect of a conformally coupled screened scalar field as if it were in the real background metric. In Section IV, we present some of the major conformally coupled screened scalar field models, comprising chameleons, symmetrons, dilatons, galileons and D-BIons, and give explicit examples for simulating these particular models. We conclude in Section V. after splitting ϕ = ϕ 0 + δϕ into a constant background and a fluctation term. The resulting modifications of general relativity (GR) are investigated in scalar-tensor theories of gravity [41] . Since an additional scalar field is coupled to the metric tensor in these theories, the Einstein-Hilbert action is modified correspondingly. For example, f(R)-gravity leads to a gravitational action
where M P is the reduced Planck mass and Φ is an additional scalar field. With ∼ we denote a quantity in the Jordan frame which is one of infinitely many possible conformal frames [42] in which a theory of gravity can be formulated in. There are no explicit interactions between the scalar and the matter fields in this particular frame. Besides the Jordan frame, it is common practice to make use of a second specific frame called the Einstein frame. In this particular frame the gravitational action takes on the canonical form of the EinsteinHilbert action but is accompanied by some additional scalar field terms. For example, the f(R)-gravitational action (1) is given in the Einstein frame by
and a redefinition of Φ =: exp 2ϕ/ √ 6M P leads to a canonical kinetic term for the scalar field ϕ. Besides serving as different mathematical formulations of the same theory, Jordan and Einstein frames also lead to different but ultimately equivalent interpretations of the same physical phenomenon. In the Jordan frame formulation, Einstein's theory of gravity is modified in such a way that test particles follow different geodesics from those predicted in GR, while in the Einstein frame formulation, test particles still follow GR's geodesics but are also subject to a gravity-like fifth force of Nature carried by the additional scalar field ϕ. This hypothetical fifth force will be further discussed later in this subsection. In order to go from one frame to another, a conformal transformation is applied such that Jordan frame metricg µν and Einstein frame metric g µν are related bỹ
Using the frequently applied definition A (ϕ) =: exp [a 2 (ϕ)] and assuming a 2 1, Eq. (3) can be reduced tog
In this article we will refer to scalar fields coupling to the Einstein frame metric in this way as "conformally coupling scalar fields". This particular way of coupling a scalar field ϕ to the gravitational metric can give rise to a coupling between ϕ and ordinary matter fields via the trace of the energy momentum tensor T µν . Such a coupling gives rise to a fifth force whose existence has not yet been confirmed by local observations [43] . It should be stressed that this fifth force is generally not considered to be an explanation for the accelerated expansion of the Universe, but rather is a byproduct of some scalar field models used to explain dark energy. Assuming the existence of additional scalar fields, this apparent absence of a fifth force poses a conundrum as the scalar fields' coupling to matter requires it to be there. A simple solution would be to assume this coupling to be extremely weak, such that the force is universally unmeasurably weak. However, such a scenario would be a result of fine-tuning and of little to no observational interest. A much more interesting solution is to assume that the scalar field is subject to a screening mechanism -a mechanism that suppresses the scalar field and its force in environments of high mass density but allows them to act with their full strength in vacuum. There are several models for such screened scalar fields with different types of screening mechanisms, some of which we will present in more detail in Section IV. Screened scalar fields have been the subject of many different types of experiments in recent years and there are still ongoing efforts to constrain and detect them. An overview of experiments for some popular models can be found in [44, 45] .
B. Acoustic metric
A BEC is formed when many bosons are all collectively brought into the same state so that quantum features (such as long range order and wavefunction interference) determine the macroscopic behaviour of the boson collective. Practically, this is done by cooling a dilute gas of bosons such that the vast majority of the boson population is in the ground state. To simulate the effect of a screened scalar field on a BEC, we will describe the BEC as a barotropic, irrotational and inviscid fluid in a covariant formalism, following the approach of [35, 46] . As in [35] , we emphasise that we are considering a regular BEC as those currently demonstrated in experiments so there are no "relativistic" features such as high speeds, large energies or strong coupling. Following the above references, we describe the evolution of the total field operatorΦ of the BEC with the Lagrangian density
where g µν is the metric of the (in general curved) background spacetime, V is the applied external potential and U is the interaction potential defined as
As usual, the n-th term of this expansion of U corresponds to n-particle interactions. We will only consider the first order two-particle contact interaction term and neglect higher order terms, as is standard when describing simple BEC systems [47] . For notational convenience, we drop the index on λ and write
This interaction strength λ can be related to first order to the s-wave scattering length a by
We then seperate the total fieldΦ into the "classical" mean field φ = √ ρe iθ and the quantum fluctuationsψ asΦ
where we have made the Bogoliubov approximation so Φ ≈ φ and ψ †ψ |φ| 2 . In the long wavelength limit, these fluctuationsψ take the form of massless non-interacting phonons. We can write the long wavelength limit explicitly as
where k is the spatial frequency of a phononic excitation, u is the flow velocity of the BEC defined as
and ξ is the "healing length" defined as
whereρ is the average density. The healing length can be physically motivated as follows:
consider our fieldΦ in a 1-D box trap of length L with infinitely high walls. If the interaction strength vanishes (i.e. λ = 0), then the ground state wave function has the familiar harmonic oscillator ground state shape [47] 
where k = π/L. However, if λ = 0 then the ground state wave function is approximately constant in space far from the boundaries. Close to the boundary x = −L/2, we have [47] 
so φ is approximately constant in space everywhere except an interval of the order ξ near the boundaries. In the long wavelength limit of Eq. (10), we consider phonon wavelengths much longer than the healing length ξ so for a box trap, the mean field density is approximately constant everywhere.
Taking the equations of motion of Eq. (5) and splitting the mean field φ and perturbationŝ ψ as in [35] in 3 + 1 dimensions, we arrive at a Klein-Gordon-like equation of the form
where G µν is a tensor acting like an effective "acoustic metric" with the form
In Eq. (16), we have defined the normalised flow velocity as
and the scalar speed of sound as
where
Note that the definition of the flow velocity as the gradient of the phase imposes irrotationality, i.e.
The equations of motion of the mean field φ can be split into real and imaginary components resulting in a continuity equation
and an equation directly relating bulk field properties with potentials:
current associated to the global U (1) phase symmetry of the total field.
It should be noted that this approach is more general and includes the effects of the background space-time in a more natural way than standard approaches in BEC analogue gravity. Starting from non-relativistic fluid equations or the Gross-Pitaevskii equation, an acoustic metric with the form
can be derived, where c s is the speed of sound as above but v is the 3-flow velocity (see [48] and references therein). This model has been used for analogue gravity with both water waves and BECs, but is not a complete picture and notably omits any effects of the background space-time. Eq. (23) can be recovered from Eq. (16) in the completely nonrelativistic flat spacetime limit. A more complete model similar to that in Eq. (16) has been derived in a relativistic field theory context in [31] and from relativistic fluid equations in [49] , but these both consider the background metric to be the flat Minkowski metric. Eq.
(16) has been derived in [35, 46] and includes the effect of a (in general) curved background space-time metric in a natural way through a covariant formalism. This allows us to include any effects of the background metric arising at low (non-relativistic) energies when taking the non-relativistic limit to model real experiments.
Non-relativistic limits
As previously mentioned, we are not considering a BEC with relativistic energies, speeds or coupling strength. Hence, it is worth considering approximations that can be made with the definitions and results of Section II B in the low energy limit. Replacing the total field Φ with a lower energy fieldΦ
and considering the background spacetime to be flat results in the standard time dependent
Gross-Pitaevskii equation (see e.g. [47] )
where the external potential and coupling strength are defined as
When the external potential V and interaction strength λ are constant in time, the temporal frequency of the solutions to the Gross-Pitaevskii equation is the ground state energy, generally referred to as the normalised chemical potential µ/ . Thus, we can write the normalisation of the flow velocity |u| as
Estimating a typical chemical potential as µ/ ∼ 10 3 Hz in a rubidium BEC (see e.g. [50] for typical experimental parameters in BEC analogue gravity), we have
In a harmonic trap where
with a trapping frequency of ω ∼ 10 2 Hz, a 100µm wide cloud has a maximum potential of
Hence, the contribution of the chemical potential in Eq. (22) imply that ∂ t c s = 0. We assume in every case that the "unperturbed" bulk properties can be described in this way. The density ρ 0 is in general a function of space, but can also be constant by careful choice of trapping potentials as explained above in Section II B. The acoustic metric in n + 1 dimensions then has the form
where I n is the n × n identity matrix. If the speed of sound is also constant in space, then a simple time rescaling results in a metric trivially conformal to the n + 1-dimensional Minkowski metric. Note that the "no flows" restriction implies that the phase of the mean field is a function of time only.
III. GENERAL SIMULATION
In this section, we present two results; the first in Section III A is a direct simulation of the Jordan frame metric in Eq. (4) and the second in Section III B is a simulation of the effect of a conformally coupled screened scalar field. As explained in the Introduction, the direct simulation has the phonon field behaving as a massless non-interacting boson field on a background with a conformally coupled screened scalar field, whereas the effect simulation recreates the equations of motion for the phonons with a real conformally coupled screened scalar field in the background metric affecting the atoms of the BEC, with scalar field parameters chosen by an experimentalist for the simulation.
A. Direct simulation
We first wish to directly simulate a Jordan frame metric, so
Explicitly, this is
To preserve the structure of the metric, we must have c s = c s0 . It is then clear that we must also have
It is not possible to simultaneously satisfy all of the equations and conditions given above and in Section II B in 3 + 1 dimensions if a 2 is a completely general function of time and space: if we write the bulk phase as
and require ∂ t ϑ mc 2 (non-relativistic limit) then Eq. (21) becomes
This does not have a general solution for ϑ (t) given some arbitrary ρ (t, x). As an example,
i.e. a Gaussian expanding linearly in x at a constant rate ς. Substituting this into Eq. (37) and rearranging terms, we find
This clearly has no solution for non-zero ς if ϑ is to be a function of time only. Note also that Eq. (37) in the non-relativistic limit (which is representative of all real experiments) requires the density to be a function of space only. Eq. (37) has a general solution if the density is only a function of space; namely ϑ = µt where µ is the chemical potential.
In the case where ∂ t a 2 = 0 i.e. a 2 is only a function of space or is constant, we can fulfill the continuity equation (Eq. 21) to first order without modifying the chemical potential. From the definition of c s , we can see that all of the above requirements can only be simultaneously fulfilled if the interaction strength is not fixed. It is well known that the interaction strength in a BEC can be modulated with an external magnetic field around a Feshbach resonance (see for example [51] ). To implement the density profile ρ = ρ 0 (1 + a 2 ) with an unchanged speed of sound, with Eqs. (21) and (22) we conclude that the external and interaction potentials should be modulated as
in Cartesian coordinates, where i runs over spatial indices and ∇ 2 is the Laplacian, which can be easily calculated for any specific form of the initial density ρ 0 . The perturbation to V captures the change in the shape of ρ induced by the perturbation a 2 ; if a 2 doesn't vary in space, then the change in the interaction strength expands or contracts the BEC without modifying c s so no extra change in V is necessary.
B. Effect simulation
We now want to simulate the acoustic metric as seen by the phonons in the influence of some scalar field model. The conformal factor in the Jordan metric in Eq. (4) enters the acoustic metric both directly and indirectly. The normalised flow velocity is normalised to
Hence, we want
Expanding this expression, we have
As this is identical to Eq. (34), the results of Section III A apply to this case as well.
C. 1+1 dimensions
The reduction of these results to an effective 1 + 1 dimensional condensate is not experimentally interesting as the phonons, in the low wavelength limit, behave as massless non-interacting Klein-Gordon bosons and thus their evolution is conformally invariant. Effects of any conformally coupled screened scalar field can only be seen here in the full 3 + 1 dimensional analysis. However, introducing an additional disformal coupling, such that the Jordan frame metric in Eq. (4) takes on the form [52] 
allows the scalar field to also couple to massless particles. B is the disformal coupling parameter and can be choosen to be constant or a function of ϕ, ∂ϕ depending on the model.
Consequently, disformally coupling scalar fields could be treated when only considering an effective 1 + 1 dimensional condensate, but this goes beyond the scope of this article.
IV. MODELS AND EXAMPLES
We will now give examples of conformally coupling scalar fields that are commonly used in modified theories of gravity and could be simulated as described in Section III (see [8, 9, 53, 54] for overviews of modern modified gravity theories and screened scalar fields).
To give a simple but commonly used example, we consider a situation in which the screening for each field is sourced by a static homogeneous sphere of radius R and give the resulting field profile outside the source. Every type of scalar field presented below has some individual type of screening mechanism. A screening mechanism allows a fifth force carried by a field to generally be strong (e.g. relative to gravity) but heavily suppressed in special circumstances (e.g. in the relatively dense environment within our solar system and, crucially, experimentally accessible space on and near the Earth).
For each presented scalar field (denoted by ϕ) we will give the Lagrangian density L ϕ which specifies the model. With this we can define an action S ϕ := d 4 xL ϕ , such that the effective action of our four-dimensional Universe is schematically given in the Einstein frame by
with S SM denoting the action of the Standard Model of particle physics [55] and S Gravity the gravitational action. A more concrete description of how the gravitational action and the scalar field action are connected can be found in the form of Horndeski theory [56] , which is the most general scalar tensor theory that gives rise to second order equations of motion.
A. Chameleon
The chameleon scalar field model was first introduced in [57, 58] and deals with a screened scalar field ϕ whose non-vanishing effective mass m ϕ is dependent on the environmental density. As its animal counterpart is adaptive to the colour of its surrounding, the chameleon field adapts its mass to the environment -a denser environment leads to a heavier chameleon mass. Since the chameleon force F ϕ (r) depends on the radius r away from a chameleon source in the same way as a Yukawa potential [59] (see also e.g. [60] )
a heavy chameleon carries a shorter ranged force than a light one (the force is "Yukawa suppressed"). This gives rise to the thin-shell effect which allows only the thin outermost layer of mass of an object to effectively contribute to the chameleon force (see Figure 1) .
Consequently, the chameleon fifth force coming from objects in our solar system is screened.
Nevertheless, there have been successful attempts to constrain the chameleon parameter space with Earth-based experiments since it is possible to create situations in which the field reaches its unscreened regime in the vacuum of a vacuum chamber (see [44, 45] for an overview). This is also made possible by the thin-shell effect. More precisely, if the wall of a vacuum chamber is thick enough, the outside world will not contribute to the fifth force which allows it to be relatively unscreened. The chameleon model is described by the Lagrangian density [58] 
where n ∈ Z + ∪ {x : −1 < x < 0} ∪ 2Z − \ {−2} distinguishes between different chameleon models and ρ is the density of matter. This matter coupling term arises from the coupling between ϕ and T µ µ discussed in Section II A, under the assumption that matter can be approximated as a perfect fluid with negligible pressure. Λ and M determine the strength of the self-interaction and the chameleon-matter coupling, respectively. The sum of the two final terms in Eq. (48) results in an effective potential with a local mininimum (see Figure   2 ) and therefore in a non-vanishing, ρ-dependent chameleon mass. The exact value of this resulting mass is also controlled by n, Λ and M . Here a 2 appearing in Eq. (4) is given by a 2 (ϕ) = ϕ/M and the field profile outside a static spherically symmetric source is given by [58] 
with ϕ obj. being the value of the chameleon inside the source. If the source is screened, ϕ obj. is actually the minimum of the chameleon within the source. A quantity which is labelled with ∞ is given in terms of ρ ∞ which describes the mass density of the environment surrounding the object sourcing the chameleon (e.g. it would represent the density of the vacuum around a massive sphere in a vacuum chamber). The use of the label ∞ stems from the idealistic case of having an infinitely extended environment in which ϕ(r) → ϕ ∞ for r → ∞.
To simulate a chameleon field Jordan frame metric, the external and interaction potentials as defined in Eqs. (5) and (7) must be
FIG. 1: Thin-shell effect: Only a thin shell of mass contributes to the chameleon force F ϕ sourced by a homgeneous massive object.
B. Symmetron
The symmetron is another commonly studied screened scalar field model and was first described in [61] [62] [63] [64] [65] [66] and introduced with its current name in [67, 68] . As in the chameleon case, its screening mechanism is based on a coupling to matter which is dependent on the environmental density ρ. However, instead of being screened by having a heavy mass, the symmetron decouples from matter in dense environments. The Lagrangian of the symmetron ϕ is given by
where λ and M determine the strength of self-interaction and symmetron-matter coupling respectively. µ is a mass that, together with M and the mass density ρ, controls the decoupling from matter. The effective potential in this Lagrangian has a Z 2 symmetry (see Figure 3 ) which can be spontaneously broken in environments of low mass density, such that the symmetron obtains a non-vanishing vacuum expectation value ϕ 0 . However, in regions of high density, i.e. where ρ µ 2 M 2 , the symmetry is restored and ϕ can only take on a vanishing vacuum expectation value. It is common practice to split a scalar field into a background value ϕ 0 and a small fluctuation δϕ, such that ϕ = ϕ 0 + δϕ. δϕ is the actual carrier of the fifth force and its interaction to matter is approximately proportional to ρϕ 0 δϕ (at first order in δϕ) which produces a force F ϕ ∼ ϕ 0 ∇δϕ. Consequently, the interaction to matter is turned off and the force is suppressed when the Z 2 symmetry is restored in environments of large mass density since ϕ 0 ≡ 0 there. For symmetrons we have a 2 appearing in Eq. (4) given by a 2 (ϕ) = ϕ 2 /2M 2 and a field profile around a static spherically symmetric source given by [69] 
where "in" and "out" denote quantities depending on the density in-and outside the sphere, respectively.
To simulate a symmetron field Jordan frame metric, the external and interaction potentials as defined in Eqs. (5) and (7) must be
FIG. 3:
At low values of the density ρ, the potential allows for spontaneous breaking of the Z 2 symmetry and therefore gives a non-vanishing vaccum expectation value to the symmetron (blue line). However, for ρ µ 2 M 2 , the symmetron can only have a vanishing vacuum expectation value and is therefore screened (orange line).
C. Dilaton
Dilatons are scalar fields commonly appearing in discussions of string theory compactifications. Similar to symmetrons, their force is screened by a decoupling to matter in regions of large environmental density. In the string context their screening behaviour was first elaborated on in [63] . A more modern discussion with implications for cosmology can be found in [70] . Following [9] , we write the dilaton Lagrangian as
where V 0 is a constant of mass dimension 4, M P is the reduced Planck mass, M controls the dilaton-matter coupling and ϕ * is a critical constant field value for which the dilaton decouples. This decoupling at ϕ ≈ ϕ * is the essence of the dilaton screening mechanism since the value of ϕ * is choosen such that it occurs in environments of high mass density.
Here a 2 appearing in Eq. (4) is given by a 2 (ϕ) = (ϕ − ϕ * ) 2 /2M 2 and if we expand the exponential potential in Eq. (56) up to second order in ϕ/M P , then the dilaton field profile is of the same form as the symmetron profile in Eq. (53).
To simulate a dilaton field Jordan frame metric, the external and interaction potentials as defined in Eqs. (5) and (7) must be
D. Galileon
Galileons were first introduced in the context of Dvali-Gabadadze-Porrati (DGP) braneworld models [71] . As described in more detail in [9] , galileons are higher derivative field theories with second order equations of motion. In (nearly) flat space the cubic galileon Lagrangian is [72] 
where := ∂ µ ∂ µ , Λ controls the impact of the non-linear kinetic terms and M determines the galileon-matter coupling. In principle, there are also quartic and quintic galileon terms (see e.g. [72] ) which are not included in this example. The free Lagrangian (including potential quartic and quintic terms) is symmetric under the galilean shift
While the matter coupling term breaks this symmetry, M Λ so the symmetry breaking is mild (and discussed further in [9] ). The galileon force is screened close to a massive object by the Vainshtein mechanism [73] . In short, within a certain radius -the Vainshtein radius R v -around a massive object, the non-linear terms of Eq. (59) dominate over and consequently suppress the kinetic term. This shortens the interaction range of the galileon and therefore weakens the resulting force. More details on this can inter alia be found in [9] . Here we have a 2 appearing in Eq. (4) given by a 2 (ϕ) = ϕ/M as in the chameleon case and the field profile around a static spherically symmetric source is given by [74] ϕ(r) = Λ
where 2 F 1 denotes a Gaussian hypergeometric function and the Vainshtein radius R v is given
Analytic solutions for field profiles around planar and cylindrical sources can be found in [74] .
To simulate a galileon field Jordan frame metric, the external and interaction potentials as defined in Eqs. (5) and (7) must be 
E. D-BIon D-BIons are a type of screened scalar fields based on braneworld related Dirac-Born-Infeld (DBI) theories and, similarly to galileons, are screened by the Vainshtein mechanism [75] .
However, instead of relying on non-linear terms in second derivatives, they are screened via non-linearities in first derivatives. Their matter-coupled Lagrangian is given by
and leads to the following field profile around a static spherically symmetric source [74] : 
with Vainshtein radius
As in the galileon case, Λ controls the impact of the non-linear kinetic terms and M determines the galileon-matter coupling. Analytic solutions for field profiles around planar and cylindrical sources can be found in [74] . Again, we have a 2 appearing in Eq. 
V. CONCLUSION
We have shown how to simulate a conformally coupled screened scalar field spacetime for quantum excitations of a BEC. By modulating the applied external potential V and a magnetic field near a Feshbach resonance to modulate the inter-atomic interaction strength, the density can be varied in space without modifying the speed of sound, thus reproducing the desired metric. This simulation is applicable to any conformally coupled screened scalar field model when the scalar field is constant in time. We find in this particular case that directly simulating a Jordan frame metric and simulating the effect of a conformally coupled screened scalar field are functionally equivalent. We also find that the reduction of this problem to 1 + 1 dimensions results in any effect vanishing, so a full 3 + 1 dimensional analysis is required. Finally, we give specific examples of chameleon, symmetron, dilaton, galileon and D-BIon fields and explicit implementations of these particular models for the field around a spherical mass in a vacuum chamber.
Constructing such a simulation will be useful in several applications. Firstly, computer simulation of the behaviour of matter under the influence of screened scalar fields is challenging due to the non-linearities of the models. Secondly, simulating conformally coupled screened scalar field models in a covariant formalism will allow us to test the metrological scheme of an upcoming proposal for a detector [39] constraining these models, as well as informing future work on the effect of screened scalar fields on particle creation, decoherence or other interesting quantum effects.
